Introduction
In the last two decades, the global environmental change and global warming effects have been become the major interest in the world. To face with the new challenges at new century, reduction of harmful gases and improvement of thermal efficiency of internal combustion engine have been in the progress, and some hows are still remaining on the question. Fuel injection nozzle geometry and injection characteristics of fuel injection nozzle are playing an important role in atomization and formation of fuel air mixture, and their impact not only to improve engine performance, but also to decrease some pollutants products from diesel engines.
The bubbles or voids are created in a low pressure regions of fuel flow stream are transported to regions where the liquid pressure is high enough, and then bubbles collapse. In consequence, high pressure and high velocity are created in the liquid by such collapse of bubbles. They may interact with material of surrounding surface to cause erosion impact. This is well known as the cavitation phenomenon. Some researchers have conducted studies the cavitation phenomenon in scale up model with similar shape or in a transparent nozzle [1] . Others have studied the macroscopic parameters of the sprays under cavitation and no-cavitation conditions noticing the spray cone angle [2] . Observation of cavitation phenomena and measuring of parameters are very difficult due to small scale of nozzle size, high pressure, very short time for injection duration and very fast of injected fuel velocity. It is noted that rounding-off of the edge of injection nozzle hole inlet proves to be effective to maintain the nozzle hole shape and the injection characteristics [3] [4] [5] . Fuel injection pressure of diesel engines has been increased to improve engine performance and to reduce emission year by year. The higher injection pressure causes a cavitation and leads to erosion impact the nozzle hole. Deformation of nozzle hole may result deterioration in engine performance, especially when using heavy fuel oil. It is noted that rounding-off of nozzle hole inlet proves to be effective to maintain the nozzle hole shape and the injection characteristics. In the present paper, from a fundamental viewpoint, measurement of ignition delays of diesel sprays from single hole injection nozzles with and without rounding-off hole inlet were conducted in a high-pressure combustion chamber. Further, fuel flow patterns in the nozzle hole were numerically simulated by three dimensional highly precision nozzle flow model.
Effect of Rounding-off Nozzle Hole Inlet on Fuel Injection and Combustion
When ambient pressure and fuel injection quantity are relatively low, sprays from nozzle without rounding-off hole inlet do not ignite at low ambient temperature. On the other hand, there is no difference in ignition delay under high ambient temperature. In cases where an ambient pressure is high enough and a large amount of fuel is injected, ignition delays of nozzle with rounding-off and without rounding-off show almost the same values even at low ambient temperature. The computed results of numerical simulations show that cavitation level decreases significantly for all cases of rounding-off nozzles.
In this paper, both experimental and numerical simulation methods has been applied to study the effects of rounding-off inlet hole of injection nozzle on the injection characteristics. To obtain the basic knowledge, fuel injection mass of single sprays from both single hole injection nozzles with and without rounding-off inlet hole were measured, then ignition delays of these combustion processes were measured and calculated. Further, to investigate the cavitation phenomena and to clarify how the injection nozzle geometries affects injection characteristics, a numerical simulation of two phases fuel flow fields in the highly precision injection nozzle models have been also conducted.
Experimental apparatus
The cross section of the high-pressure combustion chamber and the experimental system layout are shown in Figure 1 . The experimental apparatus consists of high-pressure chamber, electric heater devices, fuel tank, fuel pump, fuel pump driving motor, and fuel injection nozzle. The cylindrical shape combustion chamber, which has height of 533mm and inner diameter of 386mm, is equipped with electrical heating devices. The heating unit consists of two parts, namely the side wall part and the bottom part. Ambient temperature in the combustion chamber was adjusted to the prescribed value by regulating the primary voltage of transformer unit.
The chamber is also equipped with eight glass windows on the wall and one at the bottom that allowed to visual and measuring timing of combustion process. There are four thermocouples located at position of 5 cm, 10 cm, 15 cm and 20 cm far from nozzle tip.
Combustion chamber was pressurized by compressed air which supplied by independent air bombs. The injection nozzle was placed at the top of the combustion chamber. Fuels were injected into the combustion chamber from top using Bosch typed injection pump which was driven by electrical motor. The revolution speed of motor was able to vary from 150 rpm up to 300 rpm. Ignition delay and total burning time of combustion process were measured by three photo diode sensors with detective sensitivity which have wavelength range from 32nm to 1000 nm (Si PIN-photo diode S5973) located at the side and the bottom windows of combustion chamber.
Needle lift length, injection pressure histories, and timing of combustion process signal were recorded by multi channel digital oscilloscope. The fuel used in the experiments was marine diesel oil (see Table 1 ). The temperature of fuel oil in the fuel tank was kept at fixed 313K by automatic electrical temperature control heater device. Opening pressure of needle was set at 32MPa. Two types of single hole injection nozzles were used in the experiment, one has a rounded edge, and the other has a sharp edge at the nozzle inlet hole area (from hereafter, they are shown as with and without rounding-off nozzle respectively). The cross sections of injection nozzles with and without rounding-off inlet hole are shown in Figure 2 . The geometry of two nozzles is symmetry along the vertical axis, and has exactly the same dimensions except the rounding radius. Figure 3 shows the details sketch of one rounding-off nozzle. For rounding-off nozzle type, radius of inlet hole edge is set to 0.15 mm for all nozzles. A letter D means average diameter of injection nozzle, the numbers next to D indicate diameter of nozzle hole and the mark R denote the rounding-off nozzle type.
The results showed in the Table 2 are flow coefficients, which calculated under condition of a 0.5 MPa differential pressure between inlet and outlet of injection nozzles.
3. CFD Approach.
The computational domain used in the calculation is shown in Figure 4 . The detailed 3D image modeling of fuel boundary inside the injection nozzle is created by using Turbo-CAD, and then the 2D information was base data to rebuild 3D models by using AVL FIRE CFD software.
In order to have a better understanding of cavitation flow in diesel injection nozzle, to visualize the structure and characteristic of nozzle's internal flow, the numerical simulations on the fuel flow inside the nozzle tip with and without rounding-off inlet holes were conducted by using AVL FIRE CFD numerical software. Three-dimensional highly precision (1/1000mm) of two phases flow model was adopted to identify the cavitation phenomena and to clarify how it affects fuel injected mass and ignition delay. In the numerical calculation, 2D and 3D real size injection nozzle models were prepared in advance by using TURBO-CAD software. The number of cells is approximately 60000. Two phases flow and ε − k turbulence model was adopted to simulate the twophase flow inside the injection nozzle. The constant pressures were set at 36MPa, 72MPa and 120MPa for injection nozzle entrance and 0.1MPa for exit pressure corresponding to three load condition of marine diesel engines: a low, a medium and a high load conditions. Properties of diesel fuel oil, i.e. viscosity, density, and vapor pressure also used to define input and output boundaries condition of two phases flow simulation cases are shown in Table 3 .
Results and discussions
Injection pump revolution speed was varied at two values 150rpm and 250rpm, fuel pump rack was selected at a position of 10 scales, 20 scales and 30 scales respectively, and then injected fuel mass was measured at first in each case of experiments matrix. Fuel injected mass was measured after 150 times of consecutive injection, and then injected mass per cycle was calculated.
Figures 5 and 6 show the experimental results of injected fuel mass for D0.40R, D0.45, D0.50, and D0.50R nozzles at condition of 150 rpm, 250 rpm fuel injection pump revolution and 10 scales, 20 scales and 30 scales of fuel pump rack position respectively.
Comparison between these two nozzles which having the same hole diameter shows the injected fuel mass per cycle of the rounding-off nozzle larger than the normal type about 11.0~12.5 % for fixed position of fuel pump rack and fuel pump revolution speed. Injected fuel mass per cycle for D0.4R and D0.45 nozzles has almost the same value. From the injected fuel mass view point, we had focused on two pairs D0.40R, D0.45 nozzles which had the same injection mass and D0.50R, D0.50 which had the same hole diameter.
The fuel injection models were constructed with proposed condition of two phases flow (liquid and gas phase). Numerical simulation results of internal flow in the nozzles are shown in Figure 7 . For D0.45 normal type nozzle it can be seen that strong cavitation turbulence exists at near inlet hole areas. On the other hand, there is no turbulence region in the rounding-off nozzle (D0.40R). Figure 8 shows a schematic diagram of flow pattern in with and without rounding-off injection nozzles. From both experimental and simulation results, it was revealed that, the injected fuel mass of without rounding nozzles was reduced due to the strong cavitation turbulence occurred at inlet hole areas resulting from reducing the effective flow area. Figure 9 shows the numerical simulation result of fuel pressure distribution in the without rounding-off nozzle (D0.50). Fuel pressure drop of starts from hole inlet areas, then gradually decreases along the length of nozzle hole.
As we can see in Figure 10 , 2D picture of fuel flow shows the velocity distribution along nozzle hole. As soon as the fuel reaches the inlet areas, the flow cross section is decreases. The bubbles contain in fuel were compressed and collapsed, the pressure dropped, and then cavitation turbulence occurs.
The total volume fraction of liquid and gas phase is equal to 100%. In this figure, the red color part indicates liquid phase and the blue color part indicates the gas phase. The region of which is marked by an oval in shape indicates that the gas phase exists in this area.
The velocity of rounding-off nozzle (D0.40R) distributes evenly at both horizontal and vertical axis, and the layer near the wall boundary of without rounding-off nozzle (D0.45) is thicker than rounding-off ones. The geometry of nozzle inlet hole, especially the radius of curvature is an important factor to reduce cavitation at inlet hole. From numerical simulation results, it is shown that the level of cavitation decreases significantly for all the cases of rounding-off nozzle. nozzle showed almost similar in spite of difference in cross section of hole. The aims of experiments were to confirm how much the maximum injection pressure, injection periods, and shape of fuel supply pressure phases will be different. This is a key point to clarify the effect of rounding-off on fuel droplet size, and the ignition delay will be discussed in next parts. Figure 12 shows the difference of maximum injection pressure and injection period of D0.40R and D0.45 nozzle at fuel pump rack position of 10 scales, 20 scales and 30 scales corresponding to a low load and a high load operating conditions of marine diesel engines. Assumed that:
(1) The conditions of fuel pump rack at 10 scales, ambient pressure of combustion chamber of 3MPa, fuel pump revolution speed of 150rpm and combustion chamber temperature below 820K are similar to the low load operating condition of diesel engines. (2) The conditions of fuel pump rack at 30 scales, ambient pressure of combustion chamber of 7MPa, fuel pump revolution of 250rpm and combustion chamber temperature above 880K are similar to the high load operating condition of diesel engines.
The experimental results shown in relatively low temperature region of the Figure 13 corresponds to a low load or idling condition of diesel engines. Since the nozzles of D0.40R and D0.45 have almost the same fuel injection quantity, the ignition delays of these nozzles are compared here. When ambient temperature is relatively low, sprays from without rounding-off (D0.45 nozzle) do not ignite. The similar results arise for D0.50 and D0.50R nozzles at the same condition mentioned above (Figure 14) . The obtained experimental results prove that, the D0.40R rounding-off nozzle capability suppresses to misfire at relatively low temperature and low pressure in the combustion chamber. It is supposed that the rounding-off affects the spray cone angle, outlet velocity and smaller fuel droplet.
The with and without rounding-off nozzle are compared in the case of the same hole diameter, the cavitation phenomenon will occur and the flow coefficient decreases with without rounding-off nozzle. Besides, the rising of fuel pressure may have good benefit for fuel break-up and coalesce process. It is also affects the spray pattern observed by Iwasawa et al [4] , the distribution and size of fuel spray particle are not uniform, and then will affects the ignition delay and the whole combustion process.
In the condition of constant fuel injection quantity, it is generally possible to reduce the diameter of nozzle by rounding-off. Smaller hole diameter causes higher injection pressure, more fine fuel spray particles are good factors to become short ignition delay and to improve the combustion process.
Conclusions
An experimental study of the effects of rounding-off inlet hole of injection nozzles on fuel injection and ignition was conducted with experimental and numerical simulation. We have concluded that:
(1). The quantity of injected fuel to combustion chamber of the rounding-off nozzles is larger than the normal type about 11 to 12.5 % at the same test condition. (2) . Computed results clearly show that cavitation appeared surrounding of the inlet edge of nozzle hole and rounding-off of hole inlet may potentially reduce erosion impact on injection nozzle.
. When ambient pressure is relatively low and fuel injection quantity is small, the sprays from the without rounding-off nozzle do not ignite at low ambient temperature, and there is no difference in ignition delay under higher ambient temperature. (4) . On condition at an ambient pressure being high enough and a large amount of fuel, ignition delays of the with rounding-off and the without rounding-off nozzles have almost the same values even at low ambient temperature. 
